A new approach based on the Equivalent Constraint Model (ECM) [1] of the damaged lamina is applied to investigate the stiffness degradation in [0 m /90 n ] s laminates due to matrix cracking both in the 90 o (transverse cracking) and 0 o (splitting) plies. The advantage of the approach is that it avoids cumbersome consideration of a repeated laminate element defined by the intersecting pairs of transverse cracks and splits, intrinsic to the earlier developed models [2] [3] [4] [5] [6] . Instead, two coupled problems for ECM laminates are solved. The stress field in the damaged lamina is determined by means of an improved 2-D shear lag analysis, and the reduced stiffness properties are described with the help of Insitu Damage Effective Functions, for which closed form expressions are obtained. Comparison of the new ECM/2-D shear lag model with the earlier developed models shows a reasonable agreement.
1.INTRODUCTION
When a cross-ply laminate is subjected to biaxial tensile or thermal loading ( Fig. 1) , matrix cracking may occur both in the 90 o and in the 0 o plies, in the form of transverse cracking and splitting respectively [6] . Transverse cracking and splitting in CFRP cross-ply laminates may also be observed under uniaxial tension [7] . Hashin [2] obtained a strict lower bound for the axial modulus and an approximate value for the Poissons ratio of the orthogonally cracked cross-ply laminates by the variational method based on the principle of minimum complementary energy. Hashins analysis revealed an increase in Poissons ratio with increasing cracking and splitting density in the laminates with thin 90 o layer. Reduction of the axial modulus proved to occur mainly due to transverse cracking, with splitting having an insignificant effect. Experimental data and theoretical predictions of axial stiffness reduction due to cracks in both layers were obtained by Daniel and Tsai [3] , who later also predicted and verified experimentally the reduction of shear modulus due to transverse cracking and splitting [4] . A finite difference iteration method was used to solve a system of governing equations that involves only in-plane displacements in both layers. Experimental results for graphite/epoxy cross-ply laminates appear to be in a good agreement with the analytical predictions. HenaffGardin, Lafarie-Frenot and Gamby [5, 6] examined cross-ply composite laminates, damaged by transverse and longitudinal matrix cracking under general in-plane and thermal biaxial loading. In their study, they assumed that the elastic constants of a cracked lamina depend only on the crack spacing in that lamina, but not on the crack density in the adjacent plies.
In all the above-mentioned investigations, a laminate element, defined by the intersecting pairs of transverse cracks and splits, was analysed. Consideration of such element is quite cumbersome and may hamper any further development (with a purpose to describe delaminations growing from the crack/split tips, for instance) of the model based upon it. A different approach to dealing with the laminates, containing damage in more that one layer, is therefore needed and presented in this paper. In order to take into account the effect of the insitu constraint on the stiffness of a particular cracked lamina within a laminate, in [1] the Equivalent Constraint Model (ECM) was introduced. In the ECM, all the laminae below and above the damaged lamina under consideration are replaced with homogeneous layers having the equivalent constraining effect. It is assumed that the in-plane stiffness properties of the equivalently constraining layers can be calculated from the laminated plate theory, provided stresses and strains in them are known.
Application of the ECM to a transversally cracked and split laminate means that instead of considering the damaged configuration shown in Fig. 1 , the following two equivalent constraint models (ECMs) will be analysed. In the ECM1, ) is to determine the re-duced stiffness properties of the m th layer damaged by transverse cracking or splitting. Since the reduced elastic properties of the equivalently constraining layer m k k , used in the analysis of the m (&0 , are determined from the analysis of the k (&0 , there is a coupling between the problems for the ECM1 and ECM2. In the absence of splitting, the analysis of ECM2 coincides with that performed earlier in [8, 9] .
Stress analysis of the m (&0 will be performed in terms of the in-plane microstresses and microstrains, i.e. stresses and strains averaged across the layer thicknesses and the width of m (&0 . The equilibrium equations in terms of microstresses have the form.
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The constitutive equations in terms of microstresses and microstrains areà 
The reduced stiffness properties of the damaged m th layer can be determined by applying the laminate plate theory to the m (&0 after replacing the explicitly damaged layer with an equivalent homogeneous one. The modified in-plane stiffness matrix . At that, the present approach is essentially different from [5, 6] , where it was assumed that reduced stiffness properties of a damaged layer depend only on the crack spacing in that layer (i.e., damage coupling effects are ignored).
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3.NUMERICAL RESULTS
To verify the new ECM/2-D shear lag model, numerical results of different models will be compared for carbon/epoxy laminates. Table 1 shows the axial modulus reduction in a CFRP [0/90] s laminate, damaged by transverse cracking and splitting, considered earlier in [2]. Material properties used are as follows:
The results of the present ECM/2-D shear lag model are closer to the strict lower bound for the reduced axial modulus value, provided by Hashin, than those based on the Henaff-Gardin, Lafarie-Frenot and Gamby model [5, 11] . Fig. 3 illustrates the Poisson's ratio of the cracked laminate as a function of the damage parameter ) reveals that in this case the ECM/2-D shear lag model also predicts much greater reduction in Poisson's ratio than Hashin's calculations (Fig.3) . This prediction is close to results [5, 11] . [4] and Henaff-Gardin, Lafarie-Frenot and Gamby [5, 11] models. Tsai and Daniel [4] suggested the following semi-empirical expression for the shear modulus reduction ratio due to transverse cracking and splitting Predictions, based on the semi-empirical expression, Eqn. (11), the ECM/2-D shear lag model (neglecting the interaction between transverse cracks and splits), Eqn. (12), and Henaff-Gardin, Lafarie-Frenot and Gamby model [5, 11] are presented in Fig. 4 to be in better agreement with the ECM/2-D shear lag model. The predictions of [5, 11 ] and the present model have the same trend, i.e., the same reduction rate, which is higher than that of model [4] and the limited experi-mental data acquired by Tsai and Daniel [4] . Further experimental work is required to validate all these models.
4.CONCLUSIONS
A new theoretical approach to analyse FRP laminates, damaged by matrix cracking occurring both in the 90 o (transverse cracking) and 0 o (splitting) plies, is presented. It employs the Equivalent Constraint Model of the damaged laminate and takes into account interaction between the two damage modes. The new ECM/2-D shear lag model is in an excellent agreement with the models [2, 5] as far as axial stiffness reduction numerical results of her model for comparison purposes.
is concerned. For the Poissons ratio, significant qualitative and quantitative scattering of predictions is observed, the source of which appears to lie in the Hashins approach. Comparison with estimations [4, 5] of the shear modulus reduction shows that all three models predict the same trend, although some quantitative discrepancy (1020%) between the present model and [4] is noticeable. 
